OBJECTIVE -Short-term partial sleep restriction results in glucose intolerance and insulin resistance. The purpose of this study was to assess the long-term relationship between sleep duration and the incidence of clinical diabetes.
D
iabetes remains a critical public health challenge. The prevalence of diabetes continues to increase, and it affects an estimated 18 million people in the U.S. (1) (2) (3) . Patients with diabetes require frequent contact with the health care system for effective management and prevention of complications, and they are at increased risk for premature mortality and hospitalization for conditions such as cardiovascular and kidney disease. Although lifestyle changes such as weight loss and increasing physical activity are the cornerstone of diabetes prevention, efforts are needed to better understand other determinants of the disease and to develop additional prevention strategies. Understanding the link between diabetes and sleep may represent one important part of that effort.
Sleep loss is a common condition in modern society, with evidence showing that we are sleeping on average only 6.8 h per night, which is 1.5 h less than we did a century ago (4, 5) . Nearly one-third of adults report sleeping Ͻ6 h per night, leading some to suggest we live in a sleepdeprived society (6) . Factors responsible for this change include increases in environmental light, longer work days/ commuting time, an increase in shift and night work, and the advent of television, radio, and the Internet (7) .
We are only beginning to recognize the hormonal and metabolic implications of sleep curtailment. Physiological data suggest that short-term partial sleep restriction leads to striking alterations in metabolic and endocrine function including decreased carbohydrate tolerance, insulin resistance, increased sympathetic tone, and elevated cortisol concentrations (8) . These findings suggest that long-term sleep curtailment may predispose individuals to overt clinical diabetes.
The objective of this study was to examine the relationship between selfreported sleep duration and the incidence of clinical diabetes over a 15-year period among men enrolled in the Massachusetts Male Aging Study (MMAS).
RESEARCH DESIGN AND METHODS
-MMAS is an observational cohort study of health in a population-based random sample of men (9) . MMAS was established between 1987 and 1989 (baseline, T 1 ) when 1,709 Bostonarea men aged 40 -70 years were enrolled. Respondents were followed-up in 1995-1997 (T 2 ) (n ϭ 1,156) and 2002-2004 (T 3 ) (n ϭ 855). The field protocol has been described previously (9) . A trained field technician/phlebotomist visited each subject in his home, administered a health questionnaire, and obtained two nonfasting blood samples 30 min apart (to control for episodic secretion in hormone levels) within 4 h of awakening (to control for diurnal variation in hormone levels). The same measurement protocol was implemented at all three time points. MMAS received institutional review board approval, and all participants gave written informed consent.
Main outcome measure: incident diabetes Respondents were asked whether they had been told by a health professional that they had diabetes and, if so, whether they were receiving treatment and their age or year of diagnosis. Previous studies have shown the validity of self-reported physician-diagnosed diabetes (10) . We defined an incident case of diabetes as not having diabetes at T 1 and a diagnosis of diabetes between T 1 and T 3 . We assumed that events occurred on 1 July of the reported year.
Main exposure: sleep duration Respondents reported their "average number of hours of sleep per night" in an open-ended fashion. For analysis, average sleep duration was grouped into the following five categories: Յ5, 6, 7, 8, and Ͼ8 h.
Potential confounding variables
A broad set of potential confounding variables were measured via self-report at baseline. These included age, marital status, current employment status, education, annual household income, cigarette smoking, kilocalories expended in leisure and work activities (11) , alcohol intake (12), caloric intake (13), self-rated health, hypertension, heart disease, and cancer. We also measured waist circumference (inches).
Potential explanatory variables
To understand how sleep duration might lead to diabetes, we considered two baseline variables of particular interest: total testosterone level and cortisol. Total testosterone and cortisol were measured by radioimmunoassay with kits from Diagnostic Products. The intra-and interassay coefficients of variation for total testosterone were 5.4 and 8.0%, respectively, and for cortisol they were 4.3 and 5.4%, respectively. We grouped each of these variables according to quartiles observed in the analytic sample.
Statistical analysis
2 tests were used to examine the relationship between categorical variables. Person-time in men without diabetes at T 1 was accumulated from T 1 to year of diagnosis, last contact, or end of study. We computed incidence rates (IRs) (number of events/person-time at risk) and relative risks (RRs) (IR exposed/IR nonexposed) for diabetes in each sleep duration category. In all analyses, we chose to use 7 h of sleep per night as the nonexposed group (i.e., reference category) for several reasons: 1) this is the largest group, and use of this group as the denominator in calculation of the RR will provide the most stable RR estimates; 2) 6.9 and 7 h are the mean and median numbers of hours of sleep per night in this cohort, respectively, and in U.S. adults as well (5); and 3) finally, choosing this group eases interpretation of RRs (i.e., all RRs are Ͼ1 because the group with 7 h of sleep per night had the lowest diabetes IR). Multivariate analysis was performed using Poisson regression with 95% CI computed under the assumption that the annual number of cases of diabetes was a Poisson-distributed variable. Differences in model fit were assessed with likelihood ratio testing (⌬G 2 statistic).
Study samples
Of the original 1,709 men, 1,567 did not have diabetes at baseline. We defined our at-risk sample as the 1,564 men without baseline diabetes who had complete baseline data on sleep duration and age (n ϭ 2 missing sleep and n ϭ 1 missing age data).
Our analytic sample consisted of the 1,139 men in the at-risk sample whose diabetes status could be determined during follow-up. Of the remaining 425 men who could not be classified on their diabetes status after the baseline, 181 (42.6%) were deceased, 200 (47.1%) refused follow-up, 43 (10.1%) were lost to field, and 1 (0.2%) developed diabetes but was missing the date of diagnosis.
RESULTS -Selected T 1 characteristics of the full sample (n ϭ 1,709), the at-risk sample (n ϭ 1,564), and the analytic sample (n ϭ 1,139) are displayed in Table 1 . An equal percentage of respondents in their 40s, 50s, and 60s were recruited at T 1 . The T 1 cohort was predominantly white, married, and employed, had studied beyond high school, and had generally high household incomes. The 1,139 men in the analytic sample were significantly more likely to be younger, white, married, and employed and to have higher education and household incomes (all P Յ 0.003) than the remaining 425 at-risk men not in the analytic sample. Table 2 shows the distribution of sleep duration in the at-risk sample, the analytic sample, and those not in the analytic sample. Although there were small differences in the distribution of this variable between those in and not in the ana- 327 (20) 313 (21) 269 (24) Data are n (%). *Men in the at-risk sample were those without diabetes at baseline (n ϭ 1,567). Additional exclusions were for missing sleep duration (n ϭ 2) and age (n ϭ 1) data. †Men in the analytic sample were those in the at-risk sample who could be classified according diabetes status during follow-up. BA, bachelor of arts degree.
lytic sample, the difference was not statistically significant ( 4 2
Diabetes IRs by confounding variables and associated CIs and P values are shown in Table 3 . The list of potential confounding variables was reduced at this stage of analysis because the following were unrelated to diabetes incidence: marital and employment status, physical activity, alcohol intake, caloric intake, heart disease, cancer, and depressive symptoms.
We examined the relationship of the remaining confounding variables with sleep duration (data not tabulated). A clear pattern was evident in these data: generally, those at the extremes in sleep duration (i.e., Յ5 and Ͼ8 h of sleep per night) had a worse risk profile in terms of diabetes risk than those who reported 7 h of sleep per night. Men reporting 7 h of sleep per night were younger (P ϭ 0.0021), more educated (P Ͻ 0.0001), in better health (P ϭ 0.0008), and had higher testosterone levels (P ϭ 0.0313). Similar patterns, although not statistically significant, held for smoking, hypertension, waist circumference, and, cortisol; prevalence of smoking and hypertension and mean BMI were lower and cortisol was higher among those reporting 7 h of sleep per night. Table 4 shows results from Poisson regression models (lettered a-d) examining the incidence of diabetes in relation to sleep duration. Crude RRs (not tabulated) by sleep duration were as follows (7 h Data are n (%). *Men in the at-risk sample were those without diabetes at baseline (n ϭ 1,567). Additional exclusions were for missing sleep duration (n ϭ 2) and age (n ϭ 1) data. †Men in the analytic sample were those in the at-risk sample who could be classified according to diabetes status during follow-up. the possibility of reverse causation (i.e., that men with occult diabetes at baseline might have experienced sleep problems), we reestimated this model excluding cases occurring within 1 year of baseline. Results showed that the RR for Յ5 h of sleep per night increased to 2.05 (from 1.95) and the RR for Ͼ8 h of sleep decreased to 3.02 (from 3.12). Thus, it is likely that a small portion of the observed effect for excess sleep might be explained by undetected or undiagnosed diabetes at T 1 .
To try to explain some of the variability in IRs by sleep duration, we considered two variables of particular interest in the relationship between sleep duration and diabetes. Model c in Table 4 shows RRs from our multivariate model plus total testosterone quartile. RRs were altered for the two extreme groups when adjusted for testosterone: 29 and 11% declines, respectively, for men reporting Յ5 and Ͼ8 h of sleep per night. Finally, model d shows RRs from our multivariate model plus cortisol quartile. RRs declined 14 and 3%, respectively, for men reporting Յ5 and Ͼ8 h of sleep per night.
CONCLUSIONS -In this prospective cohort study of middle-aged and elderly men we observed a significant U-shaped relationship between selfreported sleep duration and incidence of type 2 diabetes. Men reporting either short (Յ5 or 6 h of sleep per night) or long (Ͼ8 h of sleep per night) sleep duration were at significantly increased risk of developing diabetes. These elevated risks remained after adjustment for age, hypertension, smoking status, self-rated health status, and education.
Previous studies
The data presented in the present study are consistent with physiological data from Spiegel et al. (8) . They studied glucose metabolism in 11 healthy young men whose sleep had been curtailed to 4 h per night for 6 nights, followed by a sleep recovery period (12 h per night for 7 nights). Glucose tolerance was lower and insulin resistance higher in the sleepdeprived condition compared with the fully rested condition. Our findings are also consistent with the results of the Nurses' Health Study (14) and extend the results of this study to include men. It is noteworthy that U-shaped associations have also been described for the relationship between sleep duration and coronary heart disease (15) and all-cause mortality (16) . The relationship between sleep duration and diabetes may provide a mechanism for these observed associations.
Biological mechanisms
There are a number of biological mechanisms through which sleep duration may lead to diabetes. Sleep deprivation results in elevations in evening cortisol levels, a counter regulatory hormone, which may predispose to insulin resistance (8, 17) . Adjustment for cortisol in the current analysis had minimal impact on RRs for sleep duration, suggesting that the baseline level of cortisol did not mediate the effect of sleep duration on diabetes risk. Sleep restriction also results in an increase in sympathetic tone, which has an inhibitory effect on pancreatic function (8, 18) , leading to reduced glucose tolerance. It has been postulated that sleep restriction may lead to diabetes through its effects on weight gain and reductions in leptin (14) . However, in the present study, adjustment for waist circumference had a minimal impact on the RR for men who reported sleeping Յ5 and 6 h per night.
Controlling for confounding variables in the present study yielded insight into how long sleep duration may affect development of clinical diabetes. Adding waist circumference to a model that included age, hypertension, current smoking, self-rated health status, and education attenuated the RR for incident diabetes from 3.53 to 3.12 in men reporting Ͼ8 h of sleep per night. Physiological evidence to explain the increased risk associated with Ͼ8 h of sleep is absent, but it could be due to confounding by some unmeasured variable. Indeed, sleepdisordered breathing, which was not measured in MMAS, may be such a confounder. Obesity is a risk factor for the development of sleep-disordered breathing, and sleep-disordered breathing is a known cause of daytime sleepiness. Sleep-disordered breathing has been linked to increased sympathetic tone, glucose intolerance, insulin resistance, and diabetes (19, 20) .
Another variable that mediated the effects of both short and long sleep duration on diabetes was testosterone. RRs were altered considerably for the two extreme sleep groups when adjusted for testosterone, which is inversely related to waist circumference. In previous studies, low levels of testosterone have been associated with risk factors for diabetes including obesity (21) , body fat distribution (increased waist-to-hip ratio) (22) , and elevated levels of insulin and glucose (22, 23) . Low levels of testosterone were previously related to diabetes in this cohort (24) and others (25) . Administration of testosterone to obese men improves insulin sensitivity (26) , and, conversely, insulin is also thought to regulate testosterone (27) . Previous studies have also linked sleep disruption with reduced testosterone levels (28) .
Strengths and limitations
This is the first large prospective cohort demonstrating a link between sleep dura- Data are RR (95% CI). n ϭ 1,139. *Adjusted for 10-year age-group, hypertension, current smoking, self-rated health status, waist circumference, and education (all covariates measured at baseline).
tion and incident diabetes in men. Sleep duration may be a novel risk factor for the development of clinical diabetes. Although we considered a broad set of potential confounding variables, our data have some limitations. First, it is assumed that average sleep duration is reflective of long-term sleep patterns. The stability of self-reported sleep duration over time is not known, but it has been validated against quantitative sleep assessments (29). Second, the reliance on selfreported diabetes makes it possible that some men with undetected diabetes were included in the sample. Both sources of measurement error would result in misclassification that would tend to bias results toward the null hypothesis and therefore could not account for observed associations. Finally, 425 (27%) participants who were free of diabetes at baseline were not included our analytic sample because of our inability to ascertain data on diabetes status during followup. However, the distribution of baseline sleep duration in this group was not significantly different from that in the analytic sample, and therefore the magnitude of bias in the RR estimates should be relatively small. In summary, data from this large prospective cohort suggest that sleep duration is a risk factor for the development of diabetes in middle-aged and elderly men. Both short and long sleep durations were associated with an increased incidence of diabetes, producing a U-shaped distribution of risk.
